Abstract Mutations in titin cap (Tcap), also known as telethonin, cause limb-girdle muscular dystrophy type 2G (LGMD2G). Tcap is one of the titin interacting Z-disc proteins involved in the regulation and development of normal sarcomeric structure. Given the essential role of Tcap in establishing and maintaining normal skeletal muscle architecture, we were interested in determining the regulatory elements required for expression of this gene in myoblasts. We have defined a highly conserved 421 bp promoter proximal promoter fragment that contains two E boxes and multiple putative Mef2 binding sequences. This promoter can be activated by MyoD and myogenin in NIH3T3 fibroblast cells, and maintains the differentiated cell-specific expression pattern of the endogenous Tcap in C2C12 cells. We find that while both E boxes are required for full activation by MyoD or myogenin in NIH3T3 cells, the promoter proximal E box has a greater contribution to activation of this promoter in C2C12 cells and to activation by MyoD in NIH3T3 cells. Together, the data suggest an important role for MyoD in activating Tcap expression through the promoter proximal E box. We also show that myogenin is required for normal expression in vivo and physically binds to the Tcap promoter during embryogenesis.
Introduction
In striated muscle cells, the Z-disc constitutes the borders of individual sarcomeres. The Z-disc is a highly organized structure that is composed of several proteins that are organized in multi protein complexes (Faulkner et al. 2001; Clark et al. 2002) . A number of mutations in genes of distinct Z-disc components have been found to be responsible for various forms of muscle disorders (Frank et al. 2006) . Titin cap (Tcap), also known as telethonin, is a Z-disc associated protein that is thought to be involved in the regulation and development of normal sarcomeric structure. Titin cap co-localizes with titin, binds to the N-terminal domain of titin (Gregorio et al. 1998 ) and is a substrate of the titin kinase (Valle et al. 1997) . As demonstrated by over expression studies, the interaction with titin is critical for sarcomeric integrity (Gregorio et al. 1998) . In that work, it was also shown that Tcap is localized within the Z-line region of adult striated skeletal and cardiac muscles. In the heart, Tcap is necessary for the cardiomyocyte's stretch sensor and the structural organization of the cardiac sarcomere (Hayashi et al. 2004; Bos et al. 2006) .
Titin cap is of clinical importance as mutations in the TCAP gene are associated with the seventh form of autosomal recessive limb-girdle muscular dystrophy, termed LGMD type 2G (Moreira et al. 2000) . Patients with TCAP mutations develop a marked weakness in the distal muscles of the legs with proximal involvement and most patients lose the ability to walk by the third or fourth decade of life (Moreira et al. 2000) . Tcap appears to exist as a single isoform and is among the 12 most abundant transcripts found in skeletal muscle (Valle et al. 1997) . Tcap expression has been found to be greatly up regulated during the differentiation of C2C12 myoblast cells (Mason et al. 1999 ).
Tcap has also been shown to interact with and regulate the secretion of myostatin (MSTN), a negative regulator of muscle growth that inhibits both cell proliferation and differentiation (Nicholas et al. 2002) . Knockdown of Tcap by RNA interference in C2C12 myoblast cells inhibits myoblast differentiation and impairs muscle cell growth (Markert et al. 2008) . Given the interaction of Tcap with myostatin and the ability of Tcap to modulate myoblast proliferation and differentiation, it has been proposed that Tcap might offer a new therapeutic target for muscular dystrophies. Recently, a Tcap knockout mouse was reported. The Tcap knockout mouse shares many of the features of LGMD type 2G patients, suggesting that the mouse model will provide an important experimental model for potential therapies for LGMD2G patients (Markert et al. 2010) . Beyond the interaction with myostatin, Tcap has been shown to interact with additional proteins that influence cell growth and differentiation. These interactions include Ankrd2 (Kojic et al. 2004) , potassium channel B-subunit minK (Furukawa et al. 2001) , protein kinase D (Haworth et al. 2004) , and murine double minute 2 (MDM2) (Tian et al. 2006) .
Gene regulation in skeletal muscle is controlled by a family of highly related basic helix loop helix (bHLH) transcription factors, the myogenic regulatory factors (MRFs). The MRF family includes Myf5, MyoD, myogenin, and Myf 6 (also known as Mrf4). The MRFs dimerize with E-proteins and bind E box sequences (CANNTG) in the regulatory regions of muscle genes (Berkes and Tapscott 2005) . The MRFs work in conjunction with multiple isoforms of the MADS-box factors, Mef2a, Mef2c, and Mef2d (Blais et al. 2005) . Mef2 factors alone do not have myogenic activity, but synergize with the MRFs to enhance gene expression during myogenesis (Molkentin et al. 1995; Wang et al. 2001) .
The MRFs play overlapping but non-redundant roles in myogenesis. As revealed by mouse knockouts, Myf5 and MyoD function early in myogenesis to confer a myogenic fate on mesodermal progenitor cells (Rudnicki et al. 1993 ). Myf6 has roles in both early and late events in myogenesis (Kassar-Duchossoy et al. 2004) . Myogenin functions later in myogenesis to stimulate specified myoblasts to differentiate into functional myofibers. Unique among the MRFs, null mutations in myogenin alone cause lethality (Hasty et al. 1993; Nabeshima et al. 1993) . In myogenin null mice, myoblasts are specified, but muscle fibers form poorly (Venuti et al. 1995) . Myogenin plays a role in regulating the expression of several components of the Z-disc during embryogenesis, including limb domain binding 3, myozenin1, zyxin, and muscle LIM protein (Davie et al. 2007; Ji et al. 2009 ).
Given the importance of Tcap in maintaining sarcomeric integrity, we were interested in understanding the regulatory elements that govern the expression of this gene. The expression of Tcap in C2C12 cells, a murine myoblast line, has been previously characterized, thus, we felt that C2C12 cells would serve as an appropriate model for these studies. Tcap is not expressed in proliferating myoblasts but is robustly expressed in late differentiation stages (Mason et al. 1999) . For this study, we sought to determine the promoter proximal sequence elements that control the expression of Tcap in C2C12 cells. We have identified a 211 bp promoter proximal element in the Tcap promoter that recapitulates the differentiation specific expression of Tcap. The E box contained within this promoter proximal element is required for maximal activation by MyoD and we also show that myogenin contributes to Tcap expression in vivo.
Materials and methods
Cell culture C2C12 (ATCC) and NIH3T3 (ATCC) cells were grown in Dulbecco's modified Eagle's medium containing 10% bovine calf serum, 2% L-glutamine, 1% penicillin-streptomycin according to the standard tissue culture protocols (Pollard and Walker 1997) . To induce differentiation into myotubes, C2C12 cells were grown to 70% confluence and the media switched to DMEM supplemented with 2% horse serum (Hyclone). C2C12 cells were grown in differentiation medium (DF) for the number of days indicated in each experiment.
Identification of consensus binding elements
To identify regulatory elements required for expression of Tcap, we identified phylogenetically conserved non-coding sequences containing bHLH protein-binding sites (E boxes) and Mef2 sites using the NCBI Mouse Genome Resource website. To perform this analysis, we used the computational tool regulatory VISTA (rVISTA) to identify clusters of myogenin/MyoD, E-protein and Mef2 consensus binding sites that were conserved between mouse and human genomes (Loots et al. 2002) . Vista analysis identified a 421 bp region from -380 to ?41, with ?1 defined as the start of transcription that contained highly conserved non-coding sequence immediately upstream of the Tcap gene.
Transient transfection and luciferase assays
To address the question of what elements bind to the promoter sequence, we used luciferase reporter assays. The pGL3-Tcap constructs (0.2 lg, this lab) and pRL-CMV (0.01 lg, Promega/#E2261) were co-transfected into cells grown in 96 well plates using calcium phosphate. The positive control in all experiments was the pGL3 control vector (Promega/#E1741), which contains the proximal 202 bp of the SV40 promoter. The negative control in all experiments was the pGL3 basic vector (Promega/ #E1751), which lacks a promoter. The level of luciferase and renilla activity in transfected cells was determined using a dual-luciferase reporter assay system (Promega 
Cloning of Tcap reporter and deletion constructs
To determine the promoter proximal regions that control Tcap expression, the upstream gene regulatory regions of Tcap were amplified from murine genomic DNA using PCR and cloned into the pGL3 basic luciferase reporter gene vector (Promega/#E1751). Base pair positions are defined with respect to the translational A(TG) start site with A considered to be ?1. The 421 promoter proximal promoter fragment of Tcap was amplified from genomic DNA with the following primers: Tcap MluI F 5 0 GC ACGCGTGAGGGCATCAGTTCCTGCTTCTCC 3 0 and Tcap BglII R 5 0 GCAGATCTGATTTCTGATTGCTCCCT CTGCT 3 0 . The resulting PCR fragment was cloned into the pGL3 basic vector (Promega) using standard molecular biology techniques. Resulting clones were sequenced to confirm the insertion. The deletion 1 (D1) construct was generated with the Tcap D1 F 5 0 GCACGCGTGAC CTCTGACCTGGGAGC 3 0 primer and the Tcap BglII R primer described above.
Mutagenesis
To determine the contributions of the two E boxes in the Tcap promoter, the E boxes were individually deleted from the Tcap-pGL3 vector using the QuickChange II site directed mutagenesis kit (Stratagene). Primer sequences used to generate the mutations were Tcap E1F mut 5 0 CTTGGCTCTGCTTATAGACGCCAGAGGGGCTG 3 0 , Tcap E1R mut, 5 0 CAGCCCCTCTGGCGTCTATAA GCAGAGCCAAG 3 0 , Tcap E2F mut, 5 0 GCACGAGGCT GCCCCTGGTCCGAGGTG 3 0 , and Tcap E2R mut 5 0 CA CCTCGGACCAGGGGCAGCCTCGTGC 3 0 . Following mutagenesis, plasmids were isolated and sequenced to confirm the presence of the desired mutation. To generate the combined E box deletion mutant (DE1,2), the E1 box deletion mutant (DE1) was first generated and verified by sequencing. The DE1 deletion mutant was then used with the DE2 mutant primers to generate the double deletion mutation.
Quantitative reverse-transcriptase polymerase chain reaction
To determine changes in gene expression, RNA was isolated from C2C12 cells or from E15.5 embryonic tongue tissue of Myog wt/wr or Myog null/null mice by Trizol extractions (Invitrogen). Two micrograms of total RNA was reversed transcribed with MultiScribe TM MuLV reverse transcriptase (Applied Biosystems). cDNA equivalent to 40 ng was used for quantitative polymerase chain reaction (qPCR) amplification (Applied Biosystems) with SYBR green PCR master mix (Applied Biosystems). The relative levels of expression of genes were normalized according to the expression levels of 18S rRNA. qPCR data were calculated using the comparative Ct method according to the manufacturer's instructions (Applied Biosystems). 
Chromatin immunoprecipitation analysis
To establish MRF binding to the Tcap promoter in vivo, chromatin immunoprecipitation (ChIP) assays from embryonic tongue tissue were performed as previously described (Davie et al. 2007 ) with the following modifications. Approximately, 0.6 g of tissue was processed per immunoprecipitation, protein A agarose beads (Invitrogen) were used to immunoprecipitate the antibody:antigen complexes and the washes following the immunoprecipitation included two RIPA (radio-immunoprecipitation assay buffer) washes and one LiCl containing wash. No high salt wash buffer was used. The antibodies used in the ChIP analysis included an anti-myogenin antibody (F5D, Developmental Studies Hybridoma Bank (DSHB)), an anti-MyoD antibody (5.8A, sc-32758, Santa Cruz Biotechnologies (SCBT)), anti-Myf5 (C-20, sc-302, SCBT) and anti-IgG (sc-2025, SCBT). 
Results

Identification of the promoter proximal elements that regulate Tcap expression
First, we sought to identify the upstream regulatory regions used to regulate expression of the Tcap gene. In both the mouse and the human genomes, Tcap is immediately downstream of another gene, Stard3, and immediately upstream of Pnmt1. Both Stard3 and Pnmt1 are transcribed in the same direction as Tcap. These unrelated genes are separated from Tcap by 2.8 kb in the case of Stard3, and 1.7 kb in the case of Pnmt1. As a first step in understanding the promoter proximal elements that control Tcap expression, we choose to initially analyze the 2.8 kb region upstream of Tcap. One conserved E box was noted 2,067 bp upstream of the Tcap gene (Fig. 1) . Immediately upstream of the Tcap gene, we identified a 421 bp region from -380 to ?41, with ?1 defined as the start of transcription, that contained highly conserved non-coding sequence. This 421 bp region contained two E boxes located at -272 and -103 and Mef2 binding sites (shown in Fig. 1 ). The transcriptional start of the Tcap gene (indicated in Fig. 1 ) is very close to the translational start site at position ?41, predicting only a 36 bp 5 0 UTR. As indicated in Fig. 1 , three potential Mef2 binding sites flank the promoter proximal E Box at position -103, termed E1. The promoter distal E box at position -272, termed E2, has one adjacent Mef2 site immediately upstream of the E box. Tcap is encoded by two exons, and no conserved noncoding sequence was observed in the intervening intron (shown in Fig. 1 ). Conserved non-coding sequence is observed immediately downstream of the Tcap 3 0 UTR, but the contribution of this sequence was not tested as part of this work.
Promoter proximal sequences control Tcap expression A 2.3 kb fragment containing all three E boxes and a 421 bp promoter proximal fragment containing two E boxes were cloned into luciferase reporter vectors and the expression pattern in NIH3T3 fibroblast cells and C2C12 myoblast cells examined. NIH3T3 fibroblast cells were chosen as these cells do not express the MRF family. Immortalized C2C12 cells were used as a model for myogenesis. As anticipated, the Tcap reporter was inactive in the fibroblast cells. However, when either myogenin or MyoD was co-transfected with the Tcap reporter, the reporter was activated (Fig. 2a) . The activity of both constructs was very similar, suggesting that much of the regulatory information for the Tcap gene is immediately upstream of the transcription start site. Transfection of MyoD results in higher transcriptional activation than myogenin on both reporters. However, MyoD has shown higher activity than myogenin on every muscle-specific reporter tested to date, so this result may not have functional significance for Tcap regulation in vivo. The result does suggest that both MyoD and myogenin can activate this promoter. When tested in C2C12 myoblast cells, we found that the Tcap luciferase reporters were almost completely inactive in proliferating C2C12 cells, but are strongly up regulated when the C2C12 cells differentiate (Fig. 2b) . These results suggest that the 421 bp promoter fragment contains sufficient regulatory information to maintain the normal differentiation specific expression pattern of Tcap.
To further dissect the regulatory regions, a deletion fragment of the Tcap promoter was tested. The deletion construct removed the distal sequence from -380 to -170 which contained the promoter distal E box, E2, and a potential Mef2 site (shown in Fig. 1 ). The 211 bp promoter fragment retains the promoter proximal E box (E1) and three associated putative Mef2 sites. The 211 bp promoter fragment was tested in both C2C12 cells and NIH3T3 fibroblasts. This construct could be activated by both myogenin and MyoD in NIH3T3 cells, but the overall stimulation was reduced with respect to the 421 bp reporter (Fig. 3a, b) . This result indicates that the second E box and or Mef2 site contributes to the full activity of this promoter in fibroblast cells. Surprisingly, we found that in C2C12 cells, the 211 bp construct retains full activity in differentiating cells (Fig. 3c) . In fact, the construct was modestly more active than the full length reporter, indicating that some sequence in the promoter distal region may be slightly inhibitory. The result also demonstrates that the promoter proximal 211 bp region with the promoter proximal E box and surrounding Mef2 sites is sufficient for activity in differentiating C2C12 cells.
The promoter proximal E box is required for activity in myoblasts and for activation by MyoD
As the deletion construct with only the promoter proximal E box was partially active with the MRFs in NIH3T3 cells, but fully active in C2C12 cells, we next tested the individual contributions of the two E boxes in both cell lines. Both the promoter proximal (E1) and promoter distal (E2) E boxes were mutated individually, and in combination. The E boxes were fully deleted from the sequence as described in ''Materials and methods''. We found that a deletion of either the promoter distal E2 box (DE2) or a deletion of the promoter proximal E1 box (DE1) reduced the ability of myogenin or MyoD to activate the mutant reporters in NIH3T3 cells (Fig. 4a, b) . However, we observed a significant difference in how the E box deletion mutations affected transcriptional activation by myogenin or MyoD. The constructs with DE1 or DE2 deletion mutations reduced myogenin activity by approximately 50% (Fig. 4a) . However, the DE1 and DE2 deletion mutations had differential effects for activation by MyoD (Fig. 4b) . The deletion of E1 (DE1) cripples the activation mediated by MyoD to a much greater degree than the deletion of E2 (DE2). MyoD activates the reporter with the DE2 deletion mutation to approximately 40% of the wild type reporter, while the reporter with the DE1 deletion mutation reduces that activation to only 16% of the wild type reporter. This result implies that the E1 box is critically important for activation by MyoD in NIH3T3 cells. We also tested the effect of the combined deletions. When both the promoter proximal (E1) and the promoter distal (E2) boxes were deleted together (DE1,2), the promoter had almost no activity in NIH3T3 cells transfected with MyoD or myogenin (Fig. 4a, b) .
In C2C12 cells, we found that deleting the E1 site (DE1) dramatically crippled the activation of the reporter in differentiating cells (Fig. 4c) . Consistent with our deletion b The Tcap luciferase constructs described in a were transiently transfected into proliferating C2C12 cells and assayed prior to differentiation, or following 2 days of differentiation. For both NIH3T3 and C2C12 cells, the data are expressed as a percentage of the pGL3 basic vector expression levels. Error bars are standard deviations from the mean construct results, the deletion of E2 (DE2) did not cripple the reporter significantly in differentiating C2C12 cells. Surprisingly, when the construct in which both E1 and E2 were deleted (DE1,2) was tested in C2C12 cells, the DE1,2 deletion mutation did have a modestly greater effect than the DE1 deletion mutation in differentiating C2C12 cells. The construct in which E1 and E2 are deleted (DE1,2) fails to show even the small amount of activity seen for the DE1 mutant (Fig. 4c) . Thus, both E boxes can contribute to the full activation of the Tcap gene, although the E1 box makes a much stronger contribution to the overall activation in differentiating myoblasts.
Myogenin contributes to Tcap expression in vivo
Next, we were interested in understanding the contribution of MyoD or myogenin to the regulation of Tcap expression. Our data show that the E1 site is required for maximal expression in C2C12 cells and that MyoD activity is strongly inhibited by the DE1 mutation. Taken together, these data imply that MyoD plays an important role in the regulation of Tcap. Previous expression profiles of Tcap in C2C12 cells have shown that endogenous Tcap expression continues to be up regulated throughout several days of differentiation (Mason et al. 1999) . The expression profile is consistent with Tcap being a late differentiation gene and potentially requiring the activity of myogenin, the regulator of terminal differentiation, in its activation. Previously, Tcap was found to be modestly down regulated in myogenin null muscle tissue by microarray analysis (Davie et al. 2007) . For this study, we sought to confirm the down regulation of Tcap in myogenin null animals by real time PCR analysis of cDNA samples reverse transcribed for RNA isolated from E15.5 Myog wt/wt and Myog null/null tongue tissue. We found that Tcap is down regulated 5.4-fold in Myog null/null tongue tissue (Fig. 5) , confirming that myogenin is required, directly or indirectly, for full activation of this gene in vivo.
MyoD and myogenin bind the Tcap promoter in vivo As our previous results suggested that the promoter proximal E box is essential for Tcap activity, we next asked if myogenin or MyoD was associated with the promoter proximal E box in vivo. To address this question, we performed ChIP assays on embryonic tongue tissue at E15.5. We observed a robust enrichment of the promoter proximal Tcap region in samples immunoprecipitated with antibodies against myogenin or MyoD, confirming that myogenin and MyoD bind to this promoter element in vivo and play a direct role in the regulation of the Tcap gene during embryogenesis (Fig. 6a) . The experiment was also performed with antibodies against Myf5, and we found that Myf5 also binds this promoter at E15.5. This was a surprising result, as Myf5 is considered to be an early differentiation gene and Myf5 transcripts are not detectable beyond E14 (Ott et al. 1991) . However, we have observed that Myf5 protein is detectable by western blot in late stage embryos and that Myf5 associates with several differentiation specific genes in differentiated C2C12 cells (Londhe and Davie, submitted). Occupancy of the E box 2.1 kb upstream of the Tcap gene was also assayed, and no association was detected for MyoD, myogenin or Myf5 with the upstream E box in vivo (data not shown). The ChIP assay for myogenin, MyoD, and Myf5 was repeated at E18.5, and we again observed a robust enrichment of each of the MRFs at the Tcap promoter (Fig. 6b) . When the ChIP assay was repeated on newborn animals (P0), MyoD, myogenin, and Myf5 were not detected at the Tcap promoter, although we could detect binding of MyoD and myogenin to the Tnni2 promoter ( Fig. 6c and data not shown) . The ChIP data suggest that each of the MRFs play a transient role in activating the Tcap promoter during embryogenesis.
Discussion
Tcap plays an important role in maintaining the integrity of the sarcomere and also appears to have a role in regulating muscle growth through its interaction with myostatin, but wt/wt and myog null/null samples are described in Materials and methods. The data are normalized to the fold changes for 18S rRNA. The bar for the myog wt/wt sample represents the average value of three samples normalized relative to 1 as indicated on the Y-axis. The bar for the myog null/null samples represents the average value of three samples normalized relative to the myog wt/wt samples. Error bars represent standard deviations from the mean the regulatory elements that control Tcap expression were uncharacterized. We have defined the promoter proximal elements required to maintain appropriate expression of this gene and have shown that a single promoter proximal E box contains much of the regulatory information for Tcap in muscle cells. Additional enhancer elements that contribute to Tcap expression could exist, as mammalian enhancers, like the enhancer for the sonic hedgehog gene (Lettice et al. 2003) , can be located hundred of kilobases away from the target gene. In this study, we have defined the immediate promoter proximal elements required for Tcap expression as a first step in understanding the regulation of this important regulator of sarcomeric integrity.
DNA sequence analysis of the 5 0 regulatory region for the mouse Tcap gene compared to human, chimp, cow, and dog genomes revealed that the only highly conserved region is contained in a 421 bp fragment immediately upstream from the transcription initiation site. This highly conserved region contains several Mef2 sites and two E boxes. We show that the highly conserved 421 bp promoter proximal promoter fragment is sufficient to maintain the differentiated cell-specific expression pattern of Tcap in C2C12 cells. Further, we demonstrate that a 211 bp deletion construct with a single E box and three Mef2 binding sites is sufficient for activity in C2C12 cells. In fact, the 211 bp construct is slightly more active than the 421 bp reporter in muscle cells. However, in fibroblast cells, we find that the 421 bp construct is 50% more active than the 211 bp construct.
These results make two important suggestions regarding the Tcap promoter. First, the result suggests that the vast majority of the regulatory information of the Tcap gene in muscle is contained within a 221 bp promoter proximal sequence with a single E box and associated Mef2 sites. Second, the slightly higher activity of the promoter proximal sequence lacking the distal region implies that the promoter distal region may contain sequences important in mediating repression of the Tcap gene. Both of these results are specific to C2C12 cells and were not observed in NIH3T3 cells. This implies that there are additional muscle-specific proteins that help promote both activation and repression of the Tcap promoter, both of which are likely to be important for the developmental timing of Tcap expression. Many co-factors that cooperate with the MRFs have been described, although the majority of the co-factors described to date are expressed ubiquitously.
We analyzed the 421 bp promoter fragment for potential co-regulators by rVISTA analysis, but were unable to identify consensus binding sites of interest. Our analysis included sites for the ubiquitous homeodomain proteins Pbx and Meis that cooperate with MyoD to activate the myogenin promoter (Berkes et al. 2004 ); Six1, a DNA bound factor that interacts with Ski to activate transcription at the myogenin locus (Spitz et al. 1998; Li et al. 2003; Zhang and Stavnezer 2009 ) and MAZ, a transcription factor that activates the muscle creatine kinase (Ckm) gene and other muscle-specific genes (Himeda et al. 2008) . Two potential MAZ binding sites were identified in the promoter, but the relevance of these sites is unclear as MAZ sites are based on a GC-rich consensus sequence that is frequent in the genome. The fragment that was deleted in the 211 bp promoter proximal construct was also analyzed for potential repressor binding sites. We did not observe sites for RP58, a repressor of the Id genes (Yokoyama et al. 2009 ) whose sites are also frequent at genes that show differentiation decreased MyoD binding profiles (Cao et al. 2010) . The binding site for Hey1, a repressor which is a target of Notch signaling, is the canonical E box (Buas et al. 2010) . Thus, potential Hey1 sites are present both in the promoter distal and promoter proximal fragments and are unlikely to be the promoter distal repressive element.
The result that myogenin and MyoD responded differently to the loss of the promoter proximal E1 sequence was surprising, as the molecular basis for the specificity of MyoD and myogenin is still unclear. Genome wide binding assays have revealed that MyoD and myogenin largely bind to the same sequences (Blais et al. 2005; Cao et al. 2006) . Strikingly, both MyoD and myogenin greatly prefer a CASCTG consensus sequence, where S represents G or C (Cao et al. 2006 (Cao et al. , 2010 . The sequence flanking the E box also contributes to binding affinity (Blackwell and Weintraub 1990) . Importantly, sequence function studies have demonstrated that binding affinity does not necessarily correlate with transcriptional activation (Davis et al. 1990; Weintraub et al. 1991) .
In the Tcap promoter, the two E boxes differ in their sequence, although neither are the highly preferred binding sites, CAGCTG and CAGGTG/CACCTG (Cao et al. 2010 ). The far upstream E box at position 2,067 (E3) contains the consensus CAGCTG sequence, although no MRF directed activity or binding was detected for this distal E box. The E2 sequence is CATGTG/CACATG, while the E1 sequence is CATCTG/CAGATG. The sequence flanking E2 contains residues that are favorable for binding, while the sequence flanking the E1 box contains residues that are less favorable for binding. However, we show that MyoD can robustly activate Tcap through the E1 box and, while to a greatly reduced level, MyoD can activate Tcap through the E2 box as well. Myogenin can activate Tcap relatively well through either E1 or E2, suggesting that the functional determinants for MyoD and myogenin activity are distinctly different at this promoter. The lack of tight correlation between preferred binding sites and the transcriptional activity observed at the Tcap promoter again suggests, as discussed above, that additional factors play important roles in modulating MRF binding and activity.
The in vivo ChIP data suggest that MyoD, myogenin, and Myf5 play a direct role in controlling Tcap expression during embryogenesis. The down regulation of Tcap observed in myogenin null/null animals confirms a role for myogenin at this promoter. However, our data also support a role for MyoD on this promoter, as MyoD strongly preferred the E box that retains most of the activity in C2C12 cells. The potential contribution of Myf5 at this promoter remains uncharacterized. MyoD and myogenin have previously been shown to have sequential roles on specific muscle promoters (Cao et al. 2006 ) and this may be the case at Tcap as well.
An important question in the future will be how Tcap expression is maintained in adult animals. We have shown that MyoD, myogenin, and Myf5 are not present at the Tcap promoter in newborn animals, which implies that either Myf6 (Mrf4), or no MRF, occupies this promoter at this stage. Myf6 was not assayed due to the lack of antibodies against Myf6 suitable for a ChIP assay. Tcap was initially identified as one of the 12 most abundant transcripts in skeletal muscle and the events that maintain this high expression profile in adult tissue are uncharacterized. It is possible that myogenin may again play a transient role on this promoter during postnatal growth and muscle repair and it will be interesting to assay later time points to determine if MRFs reoccupy this promoter during the postnatal growth period and in adult life. It is also possible that the MRFs may direct epigenetic or factor changes at the promoter that maintain expression in the absence of a MRF. Recent work has shown that there is a switch of core transcription complex components during terminal differentiation. In proliferating cells, TBP is bound to promoters, but as cells differentiate, TBP is replaced with TRF3/TAF3 (Deato and Tjian 2007) . It is possible that the recruitment of TRF/TAF3, or other basal transcription factors, can maintain expression in the absence of the initiating transcription factor. Future studies will also include the identification of additional muscle-specific co-factors suggested by our data that may help modulate Tcap expression in skeletal muscle.
The absence of myogenin at the Tcap promoter in newborn animals is not entirely surprising, as myogenin is down regulated shortly after birth but can be up regulated in response to diverse stimuli (Grounds et al. 1992) , aging (Musaro et al. 1995; Kostrominova et al. 2000) or denervation (Eftimie et al. 1991; Buonanno et al. 1992) . A conditional deletion of myogenin has shown that myogenin is not required for post natal growth, although the animals are slightly smaller than wild type littermates (Knapp et al. 2006) . Analysis of adult satellite cells with or without myogenin has suggested that myogenin may switch target gene sets, regulating one set of genes during embryogenesis, and an alternative set of genes during satellite cell reactivation and muscle repair (Meadows et al. 2008) . These data suggest that while myogenin may be essential in the activation of Tcap during embryonic stages, it may not be required for the continued expression of Tcap, although this hypothesis remains to be tested.
In summary, we have defined a highly conserved 221 bp promoter region of the Tcap gene that maintains the normal expression profile of Tcap in C2C12 cells and confirmed that both MyoD and myogenin contribute to activation of this gene in vivo. Understanding the transcriptional control of this vital regulator of sarcomeric integrity is an essential element in understanding how sarcomere integrity is controlled and maintained. The data also provide information on how the Tcap gene might be experimentally manipulated in potential therapies for LGMD type 2G patients, as we have shown that Tcap expression can be controlled through a very minimal promoter element.
